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ABSTRACT: An integrated omics approach using genomics, transcriptomics, metabolomics (MALDI mass spectrometry imaging, MSI), and bioinformatics was employed to study spatiotemporal formation and deposition of health-protecting polymeric lignans and plant defense cyanogenic glucosides. Intact flax (Linum usitatissimum) capsules and seed tissues at different development stages were analyzed. Transcriptome analyses indicated distinct expression patterns of dirigent protein (DP) gene family members encoding (−)-and (+)-pinoresinol-forming DPs and their associated downstream metabolic processes, respectively, with the former expressed at early seed coat development stages. Genes encoding (+)-pinoresinol-forming DPs were, in contrast, expressed at later development stages. Recombinant DP expression and DP assays also unequivocally established their distinct stereoselective biochemical functions. Using MALDI MSI and ion mobility separation analyses, the pinoresinol downstream derivatives, secoisolariciresinol diglucoside (SDG) and SDG hydroxymethylglutaryl ester, were localized and detectable only in early seed coat development stages. SDG derivatives were then converted into higher molecular weight phenolics during seed coat maturation. By contrast, the plant defense cyanogenic glucosides, the monoglucosides linamarin/lotaustralin, were detected throughout the flax capsule, whereas diglucosides linustatin/neolinustatin only accumulated in endosperm and embryo tissues. A putative biosynthetic pathway to the cyanogens is proposed on the basis of transcriptome coexpression data. Localization of all metabolites was at ca. 20 μm resolution, with the web based tool OpenMSI enabling not only resolution enhancement but also an interactive system for real-time searching for any ion in the tissue under analysis. F lax (Linum usitatissimum) seeds accumulate high molecular weight phenolics (estimated to be ca. 4.3 kDa 1 ) that are mainly of mixed biochemical pathway (lignan-and hydroxymethylglutaryl CoA) origin. 2, 3 These solvent-extractable phenolics are largely derived from secoisolariciresinol diglucoside (SDG, 1, Figure 1A ) covalently ester linked to hydroxymethylglutaric acid (HMG) moieties (e.g., 2 and 3). During seed maturation, the intermediary metabolic precursors 1−3 so formed are converted into the SDG-HMG derived oligomeric/polymeric end products. 2, 3 Mild alkali treatment of mature seed, however, results in facile release of SDG (1) 2 through ester group cleavage, with this latter substance being greatly valued in the nutraceutical industry. 4 The SDG (1) released exists in two diastereomeric forms, with that derived from (+)-secoisolariciresinol (11a, Figure 1B ) being predominant (∼99%) relative to (−)-secoisolariciresinol (11b) (∼1%). 2 From our earlier work with flax and other species, it was established that (+)-and (−)-forms of secoisolariciresinol (11a and 11b) are derived in planta via distinctive stereoselective coupling of coniferyl alcohol (8) moieties ( Figure 1B) , with control over product stereochemistry resulting from mediation by two distinct dirigent proteins (DPs) to initially give either (+)-or (−)-pinoresinols (9a or 9b), respectively. 5−10 Each pinoresinol antipode (9a or 9b) so generated can then be enantiospecifically reduced, through action of either enantiospecific pinoresinol reductases (PRs) in Arabidopsis thaliana, 11 or enantiospecific pinoresinol-lariciresinol reductases (PLRs) in Forsythia intermedia, 12 flax seed, 13 flax aerial tissues, 14 and western red cedar (Thuja plicata). 15 Yet, while DP assays with flax seed extracts incubated with coniferyl alcohol (8) resulted in entry coupling step detection (i.e., to (−)-pinoresinol (9b) formation), 16, 17 attempts to isolate the (−)-pinoresinol-forming DP, as well as its encoding gene, failed. Instead, a PCR guided approach using degenerate primers only yielded a (+)-pinoresinol-forming DP. 16 Herein, the genes encoding both (−)-and (+)-pinoresinol DPs from developing flax seed are reported, with matrixassisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) in situ 10, 18, 19 employed to gain key insights on metabolite localization during constitutive seed/seed coat development. In particular, application of the OpenMSI 20 webbased platform also enabled facile interactive analysis of raw data for metabolite imaging in situ. This included mapping localization in developing flax capsules of SDG (1) and HMG SDG derivative 2, as well as the cyanogenic glucosides linamarin (4), lotaustralin (5), linustatin (6) , and neolinustatin (7). The latter four metabolites are implicated in plant defense 25 was performed, in order to tentatively identify the putative and elusive (−)-pinoresinol-forming DPs. Six potential (+)-and (−)-pinoresinol-forming DP homologues were thus provisionally annotated (Table 1 and Figure 2A ), these having 44−66% amino acid (a.a.) sequence identity to either the Schizandra chinensis (+)-pinoresinol-forming DP (ScDIR) or the corresponding Arabidopsis thaliana (−)-pinoresinol-forming DP (AtDIR6). 6 The six LuDIR homologues were then divided into two distinctive groups on the basis of the highest a.a. sequence identity level to ScDIR or to AtDIR6: of these, LuDIR1−LuDIR4 were ∼58−66% identical to the (+)-pinoresinol-forming DP, ScDIR, and shared 94−96% identity with each other. The remaining two, LuDIR5 and LuDIR6, showed ∼56−57% amino acid sequence identity to the (−)-pinoresinol-forming DP, AtDIR6, with these being ∼88% identical to each other. Overall, the identity/similarity levels between the flax (−)-and (+)-pinoresinol-forming DPs were 42−43%/60−62%, respectively.
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Recombinant DP Expression and Biochemical Assays. LuDIR5 and LuDIR6 genes were obtained from flax genomic DNA by PCR amplification using gene-specific primers (Table  S1 in the Supporting Information). Both were individually subcloned into the pART17 vector for recombinant DP expression 6 in a tomato cell culture system. 7 Recombinant LuDIR5 and LuDIR6 were then individually purified to apparent homogeneity using (NH 4 ) 2 SO 4 fractionation and cation-exchange column chromatography, 6 yielding 60 and 40 μg proteins, respectively, from nine liters of culture medium.
To initially obtain the gene encoding LuDIR1, 16 DNA sequences of (+)-pinoresinol-forming DPs from Forsythia intermedia, 15 Thuja plicata 24 and Schizandra chinensis 26 were compared, with degenerate primers (Table S1 in the Supporting Information) designed to PCR amplify the consensus region of the flax DP. Afterward, upstream and downstream regions were obtained by genome walking with the entire LuDIR1 gene amplified from flax seed mRNA using the sequence information obtained above. For heterologous expression of recombinant LuDIR1, the pMT/V5-TOPO vector in insect (Drosophila melanogaster Schneider2) cells was used, with expression induced by copper sulfate, 6 in a yield of ∼400 μg from six liters of culture.
Purified recombinant LuDIR1, LuDIR5, and LuDIR6 were individually assayed with assay mixtures each containing Trametes versicolor laccase (for one-electron oxidation) and substrate coniferyl alcohol (8) at various concentrations of recombinant LuDIR proteins. Assays with recombinant LuDIR5 gave (−)-pinoresinol (9b, Figure 2B ) formation in ∼71% enantiomeric excess (ee) in the presence of 4.8 μM DP ( Figure 2C ), and similarly LuDIR6 gave (−)-pinoresinol (9b, Figure 2B ) in ∼90% ee (4.8 μM DP, Figure 2C ). LuDIR1 was also further characterized as a (+)-pinoresinol-forming DP, engendering preferential formation of (+)-pinoresinol (9a) in ∼43% ee with 16 μM protein, whereas doubling its concentration (32 μM) increased coupling stereoselectivity to ∼69% ee ( Figure 2D) .
In situ Spatiotemporal Mapping of SDG (1) and SDG HMG (2) in Developing Flax Capsule and Seed Coat Tissues by MALDI MSI. MALDI mass spectrometry imaging (MSI) is a metabolomics-based approach that has been successfully employed in planta for mapping various natural products in tissues and subcellular compartments without aid of probes or antibodies. 10, 18, 19 Herein, we wished to use MALDI MSI with time-of-flight (TOF) analyzer at high spatial/mass resolution to ascertain where and when the intermediary SDG (1) and its 6a-HMG-SDG (2) derivative 2 accumulate in developing flax seed, prior to their being subsequently converted into the aforementioned higher molecular weight phenolics. Thus, flax capsules (pods) were analyzed at different time points during seed/seed coat development.
With respect to flax capsule anatomy, the flax flower has five sepals, five petals, five stamens, and five fused carpels (each composed of an ovary, style ,and stigma) ( Figure 3A) . The five carpels later produce round capsules 6−9 mm in diameter ( Figure 3B ), with each carpel having two distinct locules divided by a wall called a septum; the maximum number of seeds possible in a capsule is thus 10 ( Figure 3C ). In turn, each seed has an embryo (e), an endosperm (en), and a seed coat ( Figure 3C ), where the latter has two regions: inner integument containing a brown layer, and outer integument (testa) comprised of membraniform, sclerite cell and parenchymatous layers, as well as outermost mucilage cells (not shown). 27 In our analyses, MALDI MSI was combined with ion mobility separation (IMS) as a supplemental platform to analyze and differentiate ions by charge, size, and shape via their corresponding drift times. Accordingly, analyte identities in situ were determined via their accurate mass, ion mobility drift times (bins or milliseconds, ms), and through comparison to reference standards by IMS, collision-induced dissociation (CID), and data-dependent tandem mass spectrometry analysis (MS/MS), respectively. In preliminary experiments, it was established that a SDG (1) standard ionized as its potassium adduct m/z 725.2412 [M + K] + (Δ ppm 1.5) using dihydroxybenzoic acid (DHB) as matrix ( Figure 3D ).
Next, flax capsules at 0 (day flower opens), 3, 4, 6, 7, 10, and 12 days after flowering (DAF) were analyzed. Under the conditions employed, SDG (1) was first detected in crosssections of 6 and 7 DAF capsules from among the several hundred peaks visible in the MALDI-TOF imaging data. Specifically, its potassium adduct was detected at m/z 725. + (Δ ppm 3.2) in the plethora of metabolites ( Figure 3E and Figure S1 in the Supporting Information). Neither SDG (1) nor 6a-HMG-SDG (2) were detected at later developmental/ maturation stages (>7 DAF) due to their further conversion to higher molecular weight SDG-HMG containing phenolics. Conversely, the ions corresponding to pinoresinol (9) We next sought to topographically profile relative SDG (1) levels using OpenMSI analysis capabilities; 20 this facile webbased interactive approach allows for localization of any selected specific mass in real time. Here, analysis of different regions in the seed coat ( Figure 5 , crosshairs) within a selected seed in the 7 DAF capsule ( Figure 4F , yellow rectangle) indicated that the SDG (1) ion was detectable at higher relative intensity levels in the area where the seed is attached to the ovary tissue (Figures 5A−D), with its overall relative intensity levels apparently gradually decreasing toward distal regions (Figures 5E−J).
Taken together, our MALDI MSI analyses indicated that SDG (1) and SDG-HMG (2) are mainly detectable at a relatively early development stage (6 and 7 DAF). These analyses though also provided some novel insights into the varying distribution of SDG (1) in the seed coat region at this early seed maturation stage (6 and 7 DAF). That is, SDG (1) was found to be nonuniformly distributed, being apparently most abundant toward the center of the capsule where the seed is attached to the ovary, and then progressively gradually decreasing in relative levels toward the outside. This may not be unexpected, as the region of seed attachment has vascular bundles that transports nutrients (and SDG (1) precursors) from the placenta to the developing embryo. 28, 29 These data thus seem to suggest that the lower detectability of SDG (1) in the more distal regions is due to its further conversion into the higher molecular weight phenolics. Interestingly, a previous study had localized SDG (1) epitopes to the seed coat sclerite secondary cell wall layers, 27, 30 although the chemical identity of what was actually detected was not established. Sclerite cell walls are also considered to provide the "hard body" of seed coats, and they are often described as being lignified.
Interestingly, however, neither SDG (1) nor SDG-HMG (2) was detected at earlier stages of flax capsule development or in the fully developed maturing seed of 10 and 12 DAF capsules. Moreover, in the 6 and 7 DAF capsule tissues, their precursors pinoresinol (9), lariciresinol (10), and secoisolariciresinol (11) were also not detected under the conditions employed. These findings are thus in general agreement with previous reports indicating that SDG (1) intermediate metabolites were undetectable at different stages of flax seed development using the methodologies then employed. 2, 31 This may imply rapid conversion of metabolites 9, 10, and 11 into SDG (1), SDG-HMG derivative 2, and higher molecular weight SDG-HMG derived phenolics. Furthermore, while we did not detect the 6a, 6a′-HMG SDG (3) lignan moiety in the flax capsule samples examined under the conditions employed, the ion intensity above m/z 900 was also very low. Consequently, the mass accuracy obtained was insufficient for reliable annotation of this analyte 3.
It should be emphasized, however, that the additional OpenMSI capabilities also further enhanced our imaging capabilities by providing a web-based interactive resource, whereby localization of any detectable specific mass can be instantly established. This, in turn, allowed for metabolomics analyses via imaging vast numbers of metabolites in an interactive and comparative manner, thereby providing insights into metabolic processes never before achievable.
Gene Expression Profiles and Transcriptome Analysis of LuDIR and LuPLR Homologues. Whole capsules at 0, 3, 6, 12, 18, and 24 DAF and seeds at 3, 6, 12, 18, and 33 DAF were harvested to examine gene expression levels of LuDIRs and their downstream LuPLRs by quantitative real-time PCR (see Table S2 in the Supporting Information for primer sequences). In addition, transcriptome analyses (http://uic.edu/pharmacy/ MedPlTranscriptome/) were conducted to compare expression patterns of LuDIR and LuPLR genes at either different flaxseed development stages (3 and 6 DAF) or in 12 and 18 DAF seed coats.
Through a bioinformatics analysis of the flax genome, a total of four putative PLR genes were identified herein, namely Lus10012145, Lus10010403, Lus10012143, and Lus10007599 ( Figure S3 in the Supporting Information). Of these, two were previously functionally characterized as bona f ide PLRs: LuPLR1 (identical a.a. sequence to Lus10012145) encodes a (−)-PLR which converts (−)-pinoresinol (9b) into (−)-lariciresinol (10b) and (+)-secoisolariciresinol (11a); 13 LuPLR2 (95% a.a. identity to Lus10007599, with eight and six a.a. residues longer in the N-and C-terminal regions, respectively) encodes a (+)-PLR responsible for formation of (−)-secoisolariciresinol (11b). 32 The remaining two homologues, Lus10010403 and Lus10012143, show ∼86% identity/∼ 93% similarity to LuPLR1, and are most likely (−)-PLRs, but they have not been characterized.
LuDIR5 and LuDIR6, encoding (−)-pinoresinol-forming DPs, were detected at highest levels in capsules at 0, 3, and 6 DAF ( Figure 6A ) and seeds at 3 and 6 DAF ( Figure 6C) , with expression levels gradually decreasing as capsule/seed develop- ment progressed. From the transcriptome analysis, LuDIR6 transcripts were also detected at a very low level in 3 DAF whole seed ( Figure S4A in the Supporting Information), whereas neither LuDIR5 nor LuDIR6 were detected in transcriptomes of seed coat tissues at later stages. Furthermore, expression of the LuPLR1 gene above, encoding a (−)-PLR, was somewhat similar to LuDIR5 or LuDIR6 expression being expressed at 3−6 DAF in both flax capsule ( Figure 6B ) and seed tissues ( Figure 6D ). LuPLR1 transcripts were, however, also observed in 6 DAF whole seed and in the 12 and 18 DAF seed coat in the transcriptome analysis ( Figure S4B in the Supporting Information). Moreover, the involvement of LuPLR1 in SDG biosynthesis in flax seeds was further investigated using a loss of function strategy: RNAi-mediated LuPLR1 gene silencing resulted in a 30−50-fold decrease in SDG (1) amounts, thus implicating LuPLR1 in SDG (1) biosynthesis in flax seeds. 33 By contrast, expression of the LuDIR1 gene, encoding a (+)-pinoresinol-forming DP, showed the reverse trend to LuDIR5 and LuDIR6, gradually increasing in expression level up to 18 DAF in both whole capsules and seeds ( Figures  6A,C) . Expression of LuPLR2, encoding a (+)-PLR, was also highest in capsules at 3 and 6 DAF ( Figure 6B ) and seeds at 6 DAF ( Figure 6D ). Although not examined further, the other putatively annotated (+)-pinoresinol-forming DPs (LuDIR2, LuDIR3, and LuDIR4, Table 1 ) had the highest numbers of reads in 12 DAF seed coat tissues ( Figure S4A in the Supporting Information). As regards the remaining two PLRs, Lus10010403 also had highest read counts in 12 DAF flax seed coats, whereas Lus10012143 was barely detected ( Figure S4B in the Supporting Information).
Additionally, among other tissues (8 day-old seedlings and 3 week-old roots, stem, and leaves), LuDIR1 showed predominant expression in 3-week-old leaves and stems ( Figure 6E ), whereas LuDIR5 and LuDIR6 were barely detectable.
Thus, in hindsight, our previous cloning attempts for a flax (−)-pinoresinol-forming DP had failed as our focus initially was primarily on seed coats collected at 12 and 18 DAF. That time frame was selected on the basis of results indicating that LuPLR1, encoding a (−)-PLR, was expressed in the seed coat. 31 Following cloning and functional characterization of LuDIR5 and LuDIR6, however, quantitative real-time PCR analyses indicated they were most highly expressed in capsules at 0 and 3 DAF ( Figure 6A ) and seeds at 3 DAF ( Figure 6C) , with expression levels rapidly declining as capsule and seed tissues developedthat is, thus presumably explaining our inability to clone a (−)-pinoresinol-forming DP from seed coats collected at the later time frames.
Recently, five UDP-glycosyltransferase (UGT) genes have also been reported from flax, 34 with only one (UGT74S1), coexpressed with LuPLR1 at 8 and 16 DAF, found able to utilize secoisolariciresinol (11) as a substrate to form secoisolariciresinol monoglucoside and SDG (1), respectively when heterologously expressed in yeast. The stereospecificity of the glucosylation reaction was, however, not reported. Query of our transcriptome data also shows that UGT74S1 has expression patterns similar to those of LuPLR1 ( Figure S4B in the Supporting Information), perhaps suggesting that these pathway genes are coexpressed.
These results thus demonstrate the presence of two temporally distinct pathways using first (−)-DPs (LuDIR5/ LuDIR6) and then subsequently (+)-DPs (i.e., LuDIR1) in the developing flax seed tissues to ultimately afford (+)-and (−)-SDG (1a and 1b), respectively, in a ca. 99:1 product ratio. This, in turn, suggests potential, but yet unknown, differences in the biological/biochemical function of these two diastereomeric forms of SDG (1) in the seed coat tissues. On the other hand, LuDIR1 expression in leaves and stems is in agreement with the presence of (+)-pinoresinol (9a) derived lignans in these tissues. 14 The patterns of gene expression and differential SDG (1) distribution thus also raises the question of the role(s) of the different cells that are involved in the biosynthesis and transport of SDG (1) and/or its derivatives.
Comparative Spatiotemporal Mapping of Cyanogenic Glucosides in Developing Flax Capsule by MALDI MSI.
Although previous studies reported accumulation of cyanogenic glucosides in flax stem, root, flower, and seed tissues, 23, 35 their spatiotemporal distributions in situ have not been reported until now. It was next considered instructive to ascertain where and when plant defense cyanogenic glucosides accumulated in developing capsule tissues. 21−23 Here, however, our high spatial resolution MALDI MSI results indicated that cyanogenic monoglucosides 4 and 5 were detected throughout the flax capsules from 0 DAF until 7 DAF, including the ovary, seed coat, and embryo tissues ( Figures 4G,H and Figure 3C for flax capsule anatomy), but not at later stages (10 and 12 DAF). More specifically, in the 7 DAF capsule, potassium adducts of the monoglucosides linamarin (4) m/z 286.0681 (Δ ppm 4.2) and lotaustralin (5) 300.0846 (Δ ppm 0.9) were observed ( Figure S1 in the Supporting Information). Laminarin (4) identity was further confirmed by IMS, as drift times of both authentic linamarin (4) and linamarin (4) in flax tissues were 48.00 (2.5666 ms) and 48.06 bins (2.5698 ms), respectively + ion at m/z 300.06, through detection of three major fragments at 25 eV, namely, loss of water at m/z 282, the aglycone at m/z 137 (the most abundant peak corresponding to product ion from Y 0 + cleavage 36, 37 ) and a C 1 + fragmentation ion at m/z 218 (monosaccharide residue).
Potassium adducts of the diglucosides, linustatin (6) and neolinustatin (7), were also readily identified at m/z 448.1218 (Δ ppm 0.7) and 462.1365 (Δ ppm 2.8) ( Figure S1 in the Supporting Information), respectively, with identities further verified by CID MS/MS analyses, that is, fragmentation patterns of 6 at 30 eV collision energy gave characteristic terminal glucoside fragmentation motifs, 36−38 with fragment ions at m/z 365, 339, 329, 325, and 299, respectively, as shown ( Figure S7 in the Supporting Information). Similarly, the CID MS/MS fragmentation pattern of neolinustatin (7) (acquired at 40 eV) also had analogous sugar ring fragmentation pattern at m/z 379, 353, 343, 339, and 313 ( Figure S8 in the Supporting Information). A sixth ion observed at m/z 283 results from loss of glucose. 36, 37 To establish cyanogenic glucoside spatiotemporal distribution, we next studied flax capsules at different developmental stages (0, 3, 4, 6, 7, 10, and 12 DAF) as before. The cyanogenic monoglucosides 4 and 5 were detected in young flax capsules (0, 3, 4, 6, and 7 DAF, Table S3 in Supporting Information) with linamarin (4), based on relative signal intensity counts, being higher in relative amount as compared to 5 at 0, 3, and 4 DAF. More specifically, the potassium adducts corresponding to 4 and 5 were observed throughout the tissues of the 7 DAF flax capsule ( Figures 4G,H and Figure 3C for flax anatomy). Although these ions were found at 0, 3, 4, and 6 DAF, the ions were also dispersed throughout the capsule and no distinctive spatial distribution were readily observed. Neither 4 nor 5 were detected at 10 and 12 DAF.
In contrast, cyanogenic diglucoside MALDI MS images were quite distinct. Linustatin (6) and neolinustatin (7) were specifically localized to the flax seed embryo and endosperm ( Figures 4I,J) , but they were not detected in the seed coat and ovary: additionally, cyanogenic diglucoside 6 was detected in all developmental stages examined (Table S3 in Supporting Information), with an initial low ion abundance (1245 intensity counts) at 0 DAF and increasing relative ion intensity as the capsule progressed to maturity (i.e. a ca. 15-fold increase in signal intensity counts at 12 DAF occurred). Neolinustatin (7) though was only detected in more mature flax tissues (7, 10, and 12 DAF). As for SDG (1) and SDG-HMG (2), aborted and empty seeds did not show ions for linustatin (6) and neolinustatin (7) . In sum, despite the potential vulnerability of cyanogenic glucosides to rapid β-glucosidase catalyzed degradation upon cellular disruption, 39, 40 which could possibly occur during tissue cryosectioning, our MALDI MSI protocol nevertheless allowed their detection.
It was also known from earlier work, however, that cyanogenic monoglucosides 4 and 5 undergo further glucosylation to form 6 and 7 as the capsules progress to maturity, 39 with the diglucosides herein found to be spatially distributed specifically in flax seed endosperm and embryo tissues by 6−7 DAF (Figures 4I,J) . These MALDI imaging findings are thus in agreement with previous reports that cyanogenic glucoside contents in flax tissues vary with age and developmental stage, 22, 23, 35, 41 with the mature embryo specifically being where cyanogenic diglucosides storage occurs.
While the presumed translocation mechanism of these cyanogenic compounds into the seed is not known, it has been proposed that cyanogenic monoglucosides are transported there in modified form (e.g., as diglucosides 6 and 7) for protection against β-glucosidase cleavage of the monoglucosides to liberate HCN. 39, 40 These diglucosides are then considered to be stored as such in unaltered form until the seed enters the germination phase, where they are reportedly hydrolyzed back to monoglucosides or completely hydrolyzed without accumulation of monoglucosides forming acetone cyanohydrin, which dissociates into acetone and HCN. 22, 35, 39 Subsequently, the HCN is recycled to asparagine by β-cyanoalanine synthase. 39, 42 This storage mechanism thus suggests a potential role of cyanogenic compounds as Nstorage compounds that could be later used for amino acid synthesis during germination. 39 The biosynthetic pathway to linamarin (4) and lotaustralin (5) has been elucidated in cassava (Manihot esculenta). First, Lvaline and L-isoleucine are converted into their corresponding oximes by two cytochrome P-450s, CYP79D1 and CYP79D2 which are 85% identical to each other, 43 catalyzing conversion of both Ile and Val into the corresponding oximes. The next step involving formation of the corresponding cyanohydrins is also catalyzed by a bifunctional cytochrome P-450, CYP71E7. 44 In the last step, the unstable cyanohydrins are glucosylated by two UDP glucosyltransferase, UGT85K4 and UGT85K5 (96% identical to each other). 45 All of these have been shown to be expressed in the same tissue in cassava. 45 Query of the flax genome identified six CYP79D1 homologues (∼59−63% identity), two CYP71E7 homologues (52−59%), and 12 UDP glucosyltransferases (∼45−55% identity to UGT85K4), as possible candidates in the biosynthetic pathway to linamarin (4) and lotaustralin (5) in flax. One CYP79D1 homologue (Lus10023144) and the two CYP71E7 homologues (Lus10023140 and Lus10011499) were highly expressed in 3 and 6 DAF whole seeds ( Figure S9A in the Supporting Information), with two UDP glucosyltransferases, Lus10013924 and Lus10000632, also present but at lower levels ( Figure S9B in the Supporting Information). Interestingly, this is where both linamarin (4) and lotaustralin (5) were localized at 0, 3, 4, 6, and 7 DAF, and thus, they can provisionally be considered as being involved in their biosynthesis.
Using a combination of integrated transcriptomics and bioinformatics approaches, it was possible to further deduce the genes encoding the DP and PLR proteins responsible for stereoselective coupling and downstream enantiomeric pathway steps to SDG (1), and to gain new insights into their further conversions of the products formed into higher molecular weight phenolics accumulating in the maturing seed coats. Moreover, our high-resolution MALDI MSI analyses permitted determination of the spatiotemporal distribution and localization of the oligomeric lignan intermediates, as well as the cyanogenic glucosides in flax, thereby providing novel insights on the complexity of their metabolite distribution/accumulation in living cells. Our work thus demonstrates the spatiotemporal localization of SDG (1) tedious extraction and purification methodologies. Furthermore, it also provides direct evidence that spatiotemporal distribution/accumulation of the oligomeric lignans and cyanogenic glucosides are both chemotype-and cell type/ tissue-specific; that is, oligomeric lignans are distributed in the seed integument/seed coat, while cyanogenic glucosides are in the ovary, endosperm and embryo ( Figures 4K,L) . Taken together, these integrated omics approaches provide new insights into the complexities of seed development processes in economically important plants such as flax.
■ EXPERIMENTAL SECTION
General Experimental Procedures. Flax (Linum usitatissimum, L.) seeds were from Horizon Herbs, LLC (Williams, OR, U.S.A.), with plants maintained at the Washington State University greenhouse facilities under a daily cycle of 16 h of light (23°C) and 8 h of dark (19°C). Flowers were individually tagged when fully opened (anthesis), with that time point called zero day after flowering (DAF), with capsules harvested as needed.
Isolation of LuDIR Homologues. Cloning of the LuDIR1 gene was conducted using PCR-based genome walking. First, genomic DNA was isolated from flax seed using CTAB buffer. The nested consensus region was amplified with PS_6forward and PS_2reverse degenerate primers (Table S1 in the Supporting Information), with upstream and downstream regions obtained according to the GenomeWalker (Clonetech, Mountain View, CA) procedure using primary and nested gene specific primers. 16 To ensure the gene was actively transcribed in flax seed, both gene-specific (Flax_1GSP) and 5′-race primers were used to amplify transcript from flax seed.
LuDIR5 and LuDIR6 genes were obtained from genomic DNA extracted from 2 week-old whole flax seedlings using a DNeasy Plant Mini kit (Qiagen) according to the manufacturer's instructions. Individual genes were amplified using PCR with each gene specific primer (Table S1 ). Amplified products were individually subcloned into pCR4-TOPO vector and sequences were verified.
Heterologous Expression and Purification of LuDIR1 in Insect Cell Cultures. To express recombinant LuDIR1 in insect (Drosophila melanogaster Schneider2) cells, the LuDIR1 gene was amplified from the LuDIR1/pCR2.1−TOPO vector (Invitrogen) with M13 forward and reverse primers. The amplified 564-bp LuDIR1 gene was subcloned into the pMT/ V5-TOPO vector (Invitrogen). After sequence verification, the LuDIR1/pMT/V5-TOPO vector was cotransfected with the pCoHygro vector using Ca 3 (PO 4 ) 2 . Transfected cells were screened using hygromycin (300 μg mL LuDir5 and LuDIR6 genes were reamplified with Kozak sequence 46 and HindIII restriction site containing primers (Table S1 in the Supporting Information) and then individually cloned into the pCR4-TOPO vector. After sequence verification, both genes were individually excised with restriction enzyme (EcoRI and HindIII) and ligated in the same site of the pART17 vector. 6 Each individual LuDIR/pART17 plasmid was coated on gold particles for biolistic bombardment of tomato (Solanum peruvianum) cell suspension cultures, with transformation and transformed calli screening conducted following procedures by Kim et al. 6 After screening kanamycin-resistant transgenic calli, gene expression levels in individual tomato calli were assessed by RT-PCR. Three calli lines with the highest mRNA expression levels were chosen for subsequent suspension cell culture work. Suspension cell cultures were scaled-up gradually by inoculating into new medium every week. Seven days after final inoculation in 3 L of medium, plant cells were harvested by vacuum filtration with cell wall-bound proteins recovered by filtration after agitating cells in 0.1 M K 3 PO 4 (pH 5.9) containing 75 mM and 150 mM KCl, respectively. Both fractions were mixed with a SP-Sepharose Fast Flow resin (80 mL), and equilibrated with 75 mM KCl in 0.1 M K 3 PO 4 . Proteins were eluted with 1 M NaCl in K 3 PO 4 buffer and fractionated with (NH 4 ) 2 SO 4 . Recombinant proteins were purified as for LuDIR1, with protein purity examined using SDS-PAGE and protein identity confirmed by peptide sequencing.
Dirigent Protein Assays. Recombinant DPs were assayed with Trametes versicolor laccase as oxidizing agent and coniferyl alcohol (8) in 40 mM MES buffer to a total volume of 250 μL. After incubation for 4 h in a 30°C shaking incubator, each assay mixture was extracted twice with 500 μL of EtOAc, dried in vacuo, redissolved in MeOH−H 2 O (3:7, v/v), and subjected to reversed-phase HPLC. 6 Fractions containing enzymatically formed pinoresinol (9) were collected, freeze-dried, and subjected to chiral HPLC analysis. 47 The latter used a Daicel Chiralcel OD column (250 × 4.6 mm, Chiral Technologies, Inc., West Chester, PA) eluted with EtOH−hexanes (1:1), at a flow rate of 0.8 mL min −1 . Quantitative Real Time PCR. Total RNA was individually isolated from whole capsules (6−10) at 0, 3, 6, 12, 18, and 24 DAF, whole seeds (10−30) at 3, 6, 12, 18, and 33 DAF, 8 dayold seedlings (20) , as well as stem, leaves, and roots from 3 week-old plants (3) . Each sample was individually flash frozen in liquid nitrogen and stored at −80°C until needed. Each frozen plant sample was ground in a mortar by means of a pestle, transferred into 2 mL microcentrifuge tubes containing a stainless steel bead (5 mm mean diameter), and pulverized using a TissueLyserII (Qiagen). RNA was initially isolated using PureLink Plant RNA reagent (Invitrogen) and then further purified using the Spectrum Total RNA kit (Sigma). First-strand cDNA was then synthesized using the PrimeScript first strand cDNA Synthesis kit (Takara) after DNaseI treatment (Invitrogen). Gene amplification was performed using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) for quantitative real-time PCR. Reaction mixtures included synthesized first-strand cDNA, forward and reverse gene specific primers (Table S2 in the Supporting Information), which were designed using the Primer Premier Software (Biosoft International), SYBR Green qPCR SuperMix, and ROX Reference Dye. A Stratagene Mx3005p QPCR System was used for real-time qPCR gene amplification. Expression levels were normalized against the glyceraldehyde 3-phosphate dehydrogenase (GADPH) gene, 48 with expression levels for either the LuDIR1 or LuPLR1 genes in 0 DAF capsules set to 1.
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Flax Seed Transcriptome Analysis Preparation. Total RNA was extracted from whole seeds (collected 3 and 6 DAF) or seed coats (harvested 12 and 18 DAF) using a modification of the method by Verwoerd et al., 49 involving addition of high molecular weight polyethylene glycol 50 as follows: Approximately 100 mg each of ground whole seeds or seed coats were individually placed into precooled 2 mL microcentrifuge tubes containing 1−2% (w/v) high molecular weight-polyethylene glycol (HMW-PEG 20,000, Fluka), these being mixed with 500 μL hot (80°C) extraction buffer consisting of a 1:1 mixture of phenol (pH 4.3 ± 0.2, Sigma) and total RNA extraction buffer [100 mM Tris-HCl (Sigma), 0.1 M LiCl (Sigma), 10 mM EDTA (Sigma), 1% SDS (pH 8.0)]. Each mixture was homogenized by vortexing for 30 s, with 250 μL of a mixture of CHCl 3 and isoamyl alcohol (24:1) added, and the whole vortexed for 30 s. After centrifugation for 5 min at 18 000g at room temperature, each aqueous phase was carefully removed and placed into new 1.5 mL microcentrifuge tubes, these being individually mixed with equal volumes of 4 M LiCl. Total RNA samples were allowed to precipitate overnight and collected by centrifugation at 18 000g for 10 min at 4°C. Each pellet was dissolved in 250 μL of DEPC-treated H 2 O, following which a one tenth volume of 3 M NaOAC (pH 5.2) was added; in each case, total RNA was precipitated with 2 volumes of EtOH. Each total RNA pellet was collected by centrifugation at 18 000g for 10 min at 4°C, washed with 70% aqueous EtOH. Total RNA pellet samples were dried, dissolved in 50 μL of DEPC-treated H 2 O with 25 μg of each samples used for transcriptome sequencing and library assembly as described in Marques et al. 51 Final assembly for all tissues can be accessed at http://uic. edu/pharmacy/MedPlTranscriptome/ MALDI Imaging Mass Spectrometry. The matrix 2,5-dihydroxybenzoic acid (5 mg mL −1 in MeOH) was used to test ionization of the SDG (1) standard. To map its localization in flax capsules, the MALDI MSI protocol developed for Podophyllum species plant tissue was followed. 19 Fresh flax developing capsules (0, 3, 4, 6, 7, 10, and 12 DAF) were harvested from the greenhouse, with each embedded in agarose (3%), cryo-sectioned at 20 μm thickness, after which matrix (DHB, 40 mg mL
) was applied by an automated sprayer (TM-Sprayer, HTX Technologies).
MALDI MSI was carried out using SYNAPT G2 High Definition Mass Spectrometry (HDMS) system with TriWave technology (Waters). Mass calibration was performed using red phosphorus cluster ions. MALDI-TOF data was acquired in the positive ion mode at a resolution range of m/z 100 to 1000 Da with spatial resolution of 100 and 20 μm at laser energy setting of 350 and firing rate of 1000 Hz. The lock mass used in the experiment was leucine enkephalin, C 28 Furthermore, OpenMSI (http://openmsi.nersc.gov) 20 was employed to advance the visualization and analysis of the MALDI MSI data and to obtain accurate localization of analytes in flax tissues. The images associated with this study are publicly available for web-based visualization and download via the OpenMSI science gateway. To achieve this, data were transferred from Washington State University to the National Energy Research Scientific Computing Center (NERSC) using ESNet, with files loaded from the *.img file format into the OpenMSI fileformat. 20 Once converted, individual ions could be selected on the basis of precise specification of m/z bonds at submillidalton specification as shown. Red, green, and blue images correspond to three different ions overlaid (e.g., Figures  4K,L) . Where pixels are predominantly "red", the ion associated with the red channel is proportionally higher than the other two ions; where pixels are "green", the ion associated with the green channel is proportionally higher, and so forth. Interesting comparisons could be stored as a persistent web-URL. These URLs were shared and enabled accelerated investigation of the vast amount of data generated by a MSI experiment.
Plant tissue samples were also stained with toluidine blue O after MALDI imaging analysis for histological profiling analysis directly on MALDI imaged tissues. 19 ■ ASSOCIATED CONTENT * S Supporting Information is thanked for providing the primary support for the MALDI mass spectrometry imaging and recombinant dirigent protein experimental work/analyses. Thanks are also extended to the National Science Foundation (MCB-1052557) 
